ABSTRACT The swede midge, Contarinia nasturtii (Kieffer), is an invasive gall midge causing economic damage to cole crops (Brassica oleracea L.) and other crucifers in eastern Canada and United States. An effective decision-making tool for timing insecticide applications is a critical part of an integrated pest management program against C. nasturtii. Experiments were undertaken over 2 yr and at three locations in southern Ontario to develop pheromone-based action thresholds for C. nasturtii in cabbage and broccoli. An economic comparison between action threshold and calendar insecticide regimes was undertaken. The threshold approach was both economically viable and successful at minimizing swede midge damage for cabbage, and an action threshold of Þve males per trap per day with a minimum 7 d retreatment interval successfully reduced damage to acceptable levels. However, this approach was not successful with broccoli, which, unlike cabbage, is susceptible to damage by C. nasturtii through all plant stages, including heading. Acetamiprid and -cyhalothrin both demonstrated Ϸ7 d residual activity against C. nasturtii. Registration labels for both insecticides specify a minimum 7 d retreatment interval, which is supported by residual efÞcacy results. More effective insecticidal products may have longer residual efÞcacy and improve efÞcacy of the action threshold approach for broccoli and cabbage.
The swede midge, Contarinia nasturtii (Kieffer) (Diptera: Cecidomyiidae), is a pest of crucifer crops Þrst discovered in North America in 2000 in southern Ontario, Canada (Hallett and Heal 2001) . It has since been found in six Canadian provinces and at least Þve U.S. states (Hallett and Heal 2001; Chen et al. 2007 Chen et al. , 2009a Chen et al. , 2011 Canadian Food Inspection Agency 2008) . The life history and ecological characteristics of C. nasturtii present signiÞcant challenges to pest management efforts: effective insecticidal control is complicated by the concealed nature of larval feeding, short adult life span, and their season-long presence because of multiple generations and multiple emergence phenotypes (Hallett et al. 2009a,b) . There are four overlapping generations and two emergence phenotypes of C. nasturtii in Ontario, although a Þfth generation may be possible with climate change (Hallett et al. 2009b) . The Þrst spring ßights of adults occurs in mid to late May, and the last ßights occur in late September to early October (Hallett et al. 2009b ). Multiple generations, as well as the occurrence of extended diapause in a portion of the population (Rygg and Braekke 1980, Des Marteaux 2012) , limit the effectiveness of crop rotation in reducing damage (Chen et al. 2009b ). In addition, most host crops have season-long susceptibility to damage by C. nasturtii, and do not outgrow damage symptoms to marketable portions (Hallett 2007) . C. nasturtii populations are also supported by a range of common cruciferous weeds (Hallett 2007 .
Feeding by C. nasturtii larvae results in swelling, twisting, and distortion of plant tissue. In young cole crops, Brassica oleracea L. (e.g., broccoli, cabbage, and caulißower), larvae are typically found near the meristem and between compressed petioles where they are protected by young leaves (R.H.H., unpublished data). Larvae may also be found feeding within folds of leaves, within swollen petioles, and among developing ßorets in broccoli and caulißower heads. The larval stage lasts 7Ð21 d depending on climatic conditions (Readshaw 1966) . Mature larvae drop to the soil for pupation and/or to enter diapause; overwintering occurs in the larval stage.
Effective timing of insecticide applications for control of C. nasturtii is considered difÞcult because of the short adult life span and concealed nature of larval feeding (Taylor 1912 , Frey et al. 2004 . Cole crops are susceptible to damage for the whole season and do not grow out of damage symptoms. However, while broccoli is susceptible to infestation from the seedling stage through to harvest, cabbage does not experience an escalation of damage symptoms once head formation begins (Hallett 2007) .
When populations are high, 85Ð100% of yield can be rendered unmarketable (Hallett and Heal 2001, Chen et al. 2011) , and effective control of C. nasturtii is difÞcult to achieve even with weekly applications of insecticides (Hallett et al. 2009a) . Before 2011, foliar insecticides registered in Canada for use against C. nasturtii in cole crops were limited to the pyrethroid -cyhalothrin (Matador 120 EC; Syngenta Crop Protection Canada Inc., Guelph, ON), and the neonicotinoid acetamiprid (Assail 70 WP; EI DuPont Canada Co., Mississauga, ON). In the United States there is a national label for Assail (acetamiprid) for C. nasturtii, and in New York, label expansions of Warrior (-cyhalothrin) and Admire (imidacloprid) were recently approved for C. nasturtii (Chen et al. 2011) .
In heavily affected areas of southern Ontario, some growers reported use of calendar-based insecticide sprays (every 7Ð10 d), in part because of the lack of an effective monitoring method for C. nasturtii. A threshold-based pest management decision-making system is needed to optimize the timing of insecticide applications, improve control, avoid development of insecticide resistance, and promote judicious use of insecticides against C. nasturtii. Preliminary studies with emergence traps indicated that a threshold-based approach might be effective (R.H.H., unpublished data), but emergence traps capture few C. nasturtii relative to pheromone traps and are not recommended for use by growers ). In 2004, the sex pheromone of C. nasturtii (Hillbur et al. 2005 ) became available for experimental use and in 2005 was available commercially. The current study was undertaken to develop a pheromone-based action threshold for C. nasturtii and to determine appropriate minimum insecticide reapplication intervals.
Materials and Methods
For all experiments, broccoli (Italica group, ÔEu-rekaÕ) and cabbage (Capitata group, ÔBlue DynastyÕ) (Stokes Seeds, St. Catherines, Ontario, Canada) were seeded in 128-cell plug trays in Promix (Premier Horticulture Ltd., Dorval, Quebec, Canada) in a greenhouse. Plants were either potted at 4 wk after seeding in 14 cm pots for use in residual insecticide efÞcacy experiments or transplanted to the Þeld for action threshold trials at 5 wk after seeding. Unless otherwise indicated, C. nasturtii damage was assessed in situ using a four-point scale, where 0 represented no damage; 1, mild twisting of stem or leaves and/or mild swelling of petioles; 2, severe twisting of stem and crumpling of leaves, swelling and/or scarring of petioles and/or ßorets; and 3, death of apical meristem and/or multiple compensatory shoots. A broccoli or cabbage head with a Þnal damage rating of 0 or 1 would be considered marketable. (Hallett et al. 2009a ). Broccoli and cabbage seedlings were covered with ßoating vegetable row cover (Stokes Seeds, St. Catherines, Ontario, Canada) to prevent infestation and held outside in an area at Guelph free of C. nasturtii for a 1 wk hardening-off period. Seedlings were either hand-or machineplanted with a mechanical cell transplanter in four row plots, 5 m in length, with a row spacing of 90 cm and in-row plant spacing of 45 cm. Plots were separated by 3 m spray lanes (NÐS) and 3 m alleys (EÐW). All treatments were replicated four times in a randomized complete block design. Three pheromone traps, each baited with a C. nasturtii sex pheromone polyethylene cap lure (PheroNet Swede Midge Lures, Andermatt Biocontrol, Grossdietwil, Switzerland) were attached to stakes at 30 cm above the ground, and placed 50 Ð100 m apart around the perimeter of each Þeld (that also contained additional small plot cole crop trials). Trap placement was based on a preliminary study that showed little difference between captures on traps placed 50 m into a Þeld or at the Þeld edge (R.H.H., unpublished data). Each trap was checked three times per week for C. nasturtii males. Each pheromone lure was replaced every 4 wk, on a staggered replacement schedule so that there were relatively fresh lures in the Þeld at all times.
Acetamiprid (Assail 70 WP at 86 g product/hectare) was applied to all plots, except the controls, 1Ð2 d after transplanting. Thereafter, insecticide applications were made according to the following experimental protocols. Active ingredients were roughly alternated between insecticide applications to a maximum of eight applications per season, to approximate the registered sprays available to cole crop growers at the time: that is, Þve applications of acetamiprid and three applications of -cyhalothrin (Matador 120 EC at 83 ml product/hectare). When a given threshold was reached, all plots for that treatment were treated with either acetamiprid or -cyhalothrin. A minimum interval of 7 d was established between applications for a given threshold treatment, based on residual efÞcacy trial results (see below), as well as the need to achieve season long control with a maximum of eight available insecticide applications. All treatments were applied to plots using a CO 2 -pressurized precision plot sprayer at 275 kPa in water equivalent to 400 liters/ha. Every week, 10 randomly selected plants from the two inner rows of each plot were rated for C. nasturtii damage. Data from the Þnal damage rating period were used to calculate proportion of marketable heads, where plants with a Þnal damage rating of 0 or 1 were considered marketable. Data for proportion of marketable heads were arcsine-square root transformed before analyses to meet assumptions of ANOVA. Treatment differences in damage ratings and proportion of marketable heads were determined by ANOVA (with PROC GLM) and TukeyÕs Studentized Range (HSD) Test, using SAS v. 9.2. (SAS Institute Inc. 2007) .
2005 Trials. At Markham and Stouffville, seedlings were transplanted on 7 and 9 June, the Þrst acetamiprid application was made to all treatments (except the control) on 8 and 10 June, and damage ratings commenced on 16 and 17 June, respectively. Brown delta pheromone traps (Agroscope FAW Wädenswil, Switzerland) were used to monitor C. nasturtii populations at each site from mid May to early October. OMAFRA 2012b) . These values were used to calculate the total cost of insecticide applications per hectare for each insecticide timing regime, and the difference in insecticide costs per hectare between the calendar regime and each other regime. The difference in estimated net economic return between the calendar regime and each other regime was calculated by summing the difference in gross return and the difference in insecticide costs per hectare for each other regime.
Results

Residual Efficacy of Foliar Insecticide Applications.
A signiÞcant treatment by trial interaction was found for pooled broccoli data, so data for the two broccoli trials were analyzed separately. For acetamiprid treatments in the Þrst broccoli trial, damage to plants exposed to swede midge up to 7 d after treatment was signiÞcantly lower than that of untreated control plants (Table 1) . Damage ratings of plants exposed to C. nasturtii 10 and 14 d after acetamiprid treatment were not signiÞcantly different than untreated plants. In the second broccoli trial, damage to plants exposed to C. nasturtii up to 2 d after acetamiprid treatment, but not Ն4 d after treatment, was signiÞcantly lower than that of untreated control plants.
For -cyhalothrin treatments in the Þrst broccoli trial, damage ratings of plants up to 4 d and at 10, but not 7, days after treatment were signiÞcantly lower than that of the untreated control. In the second broccoli trial, damage to plants exposed to C. nasturtii up to 7 d after -cyhalothrin treatment, but not Ն10 d after treatment, was signiÞcantly lower than that of untreated control plants.
In cabbage, there was no signiÞcant treatment by trial interaction, so data were pooled for analyses. Damage ratings of cabbage plants exposed to C. nasturtii up to 4 d, but not Ն7 d, after acetamiprid treatment, were signiÞcantly lower than untreated plants (Table 1) . Damage ratings of plants exposed to C. nasturtii up to 10 d, but not 14 d, after -cyhalothrin treatment, were signiÞcantly lower than untreated plants.
Action Threshold Trials. 2005 Trials. At Markham, the low and high threshold spray regimes resulted in a total of six and four insecticide applications, respectively, compared with eight in the calendar-based regime ( Fig. 2; Table 2 ). At Stouffville, the calendarbased spray regime, and low and high threshold spray regimes resulted in a total of 8, 7, and 5 insecticide applications, respectively. The order in which products were applied for each trial is provided in Table 2 .
In the Markham broccoli trial, the low and high thresholds had damage levels intermediate between the calendar and control regimes at the Þnal rating (Fig. 3A ). There were signiÞcantly more marketable plants in the three insecticide-regimes than in the untreated control plots, and proportion of marketable plants increased with increased numbers of insecticide applications (Table 3) . At Stouffville, Þnal damage ratings exceeded 2.5 in all treatments, but the same trend was seen of decreased damage with increasing number of insecticide applications (Fig. 3B) . Damage was not adequately reduced with any treatment re- b Damage in the broccoli 1 and broccoli 2 trials were assessed on 5 and 19 Aug., respectively. c Pooled results are shown for the cabbage 1 and cabbage 2 trials, which were assessed on 12 and 26 Aug., respectively.
gime at Stouffville, and although there were very few harvestable plants present, there were signiÞcantly more marketable plants in the calendar-based spray regime than in the untreated control plots (Table 3 ).
In the Markham cabbage trial, the low threshold spray regime was as effective as the calendar-based spray regime in limiting damage by C. nasturtii and Þnal damage ratings in the high threshold-based re- gime were signiÞcantly lower than in untreated control plots (Fig. 3C ). No differences in proportion of marketable plants were found between the three insecticide regimes, and all had signiÞcantly higher proportion of marketable plants than the untreated control (Table 4) . In cabbage at Stouffville, the low and high thresholds had Þnal damage ratings that were intermediate between the calendar and control regimes (Fig. 3D) . Proportion of marketable plants did not differ signiÞcantly between insecticide regimes, but only the calendar-based and low threshold spray regimes were signiÞcantly different from the control (Table 4) . 2006 Trials. At Markham, the calendar-based spray regime and the low, intermediate, and high threshold regimes resulted in a total of 8, 6, 5, and 2 insecticide applications, respectively (Table 2) . At Elora, the calendar-based spray regime, and low, intermediate, and high threshold spray regimes resulted in a total of 8, 4, 3, and 1 insecticide applications, respectively.
In broccoli, no insecticide regimes were successful at reducing C. nasturtii damage at Markham (Fig. 4A) , and no marketable yield was obtained (Table 3) . At Elora, the calendar-based regime had the lowest Þnal damage ratings, and ratings were signiÞcantly lower than those in the control and high threshold regimes (Fig. 4B) . At Elora, marketable yields were highest in the calendar-based spray regime (Table 3) .
In the cabbage trials, a clear reduction in damage with increasing numbers of insecticide applications was seen at both Markham and Elora (Fig. 4C,D) . At both locations, Þnal damage ratings in the high threshold regime were not different from the control. At Markham, the low and intermediate threshold regimes had equivalent Þnal damage ratings to the calendar spray regime, while at Elora, the calendar spray regime had lower damage ratings than the low and intermediate threshold regimes, which in turn were better than the high threshold regime and the untreated control. At Markham, equivalent proportions of marketable cabbage heads were obtained in the calendar, low and intermediate threshold regimes (Table 4) . At Elora, equivalent proportions of marketable cabbage heads were obtained in the calendar and low threshold regimes (Table 4) .
Comparison of Estimated Economic Returns. Swede midge caused estimated losses of $1,000 to $6,000/ha in untreated control plots compared with calendar regimes (Tables 3 and 4) . Despite the lack of statistically signiÞcant differences in yield between calendar and low threshold regimes in broccoli trials (Table 3) , the estimated net economic returns were at least $595/ha lower for the low threshold than the calendar-based spray regime in most years and locations. An exception to this result occurred at Markham in 2006, where no marketable yields were obtained in any treatment and a better estimated net economic return was therefore achieved in the threshold regimes than the calendar regime, because of the lower number of insecticide applications made (Table 3) . In all cabbage trials, the calendar-based regime had a higher estimated net economic return than the low threshold regime (Table 4) . However, the low threshold regime had similar (i.e., less than $75 difference) net economic returns as the calendar regime in two trials, and the high threshold regime yielded a higher estimated economic return than the calendar regime in one trial (Table 4) . a Means within the same trial and column followed by the same letter are not signiÞcantly different (P Ͼ 0.05), TukeyÕs Studentized Range (HSD) Test.
b Proportion marketable, proportion of heads rated as 0Õs and 1Õs at harvest. b Proportion marketable, proportion of heads rated as 0Õs and 1Õs at harvest.
Discussion
In central North American regions affected by C. nasturtii, cole crop growers adopted weekly calendar spray regimes to cope with this new invasive pest (Chen et al. 2011 ). An action threshold approach can help to optimize the timing of insecticide applications, thereby increasing efÞcacy, and reducing insecticide usage and costs (Pedigo 1999 ). Our trials demonstrate that action thresholds can be used to effectively time insecticide applications against C. nasturtii and to reduce the volume of pesticides used. Decreasing levels of damage occurred with increasingly stringent decision-making action thresholds, indicating that the action threshold approach is a feasible management approach to use against C. nasturtii in cole crops.
These trials were conducted at sites of moderate to very high C. nasturtii populations (Hallett et al. 2009a) , and from the beginning of July to September, males were rarely absent from pheromone traps, indicating continual midge pressure. Even with eight weekly sprays, 15Ð25% losses of marketable cabbage yield occurred under these populations. At high populations it is especially difÞcult to avoid damage by C. nasturtii (Hallett et al. 2009a) , and in the trials herein it was difÞcult to minimize losses in broccoli with any treatment regime. However, the threshold-based approach was feasible for cabbage under these conditions. In cabbage, susceptibility to C. nasturtii damage declines once early head formation occurs (Hallett 2007) , as females cannot reach meristematic tissue with their ovipositor. In addition, minor damage symptoms (such as outer leaf crumpling) can be trimmed from cabbage at harvest, so higher levels of damage can be tolerated for cabbage than for broccoli. Even the damage levels found in the 2005 high thresholdbased regime were likely acceptable with appropriate trimming, particularly as insecticide usage was 50% that of the calendar regime.
In broccoli, C. nasturtii can cause direct damage to the head (swollen petioles, corky scarring on petioles, and swollen ßorets) right up until harvest. Because damage is not readily trimmed from broccoli, damage levels in the threshold-based regimes were unacceptable. These results indicate that it is very difÞcult to prevent economic damage to broccoli except at low populations; however, our results indicate that the threshold approach may work at very low population levels. Interactions between midge populations and plant phenology also appear to affect the level of control that can be achieved in broccoli, with greater damage resulting when high midge populations occur earlier in crop growth than later. The lowest damage ratings achieved in any broccoli trials were at Markham in 2005. In this year and location, pheromone trap captures were well below Þve males per trap per day until 6.5 wk after transplanting, with the exception of one sharp peak at 3 wk after transplanting. Markham and Elora in 2006 had comparable Insecticide applications in action threshold trials were made within 0 Ð5 d of pheromone trap captures exceeding action thresholds. Improved timing of applications may have improved results; however, more efÞcacious insecticides are needed for the action threshold approach to be effective in broccoli. In 2011, new Canadian registrations were granted for spirotetramat (Movento 240 SC; Bayer CropScience Inc., Calgary, AB), chlorantraniliprole (Coragen; EI DuPont Canada Co.), and spinosad (Entrust 80W; Dow AgroSciences Canada Inc., Calgary, AB). One or more of these products may ameliorate the reliability of action thresholds for C. nasturtii in broccoli. Greater success in reducing C. nasturtii damage may be achieved in larger scale Þelds than was achieved in our small plot trials, which were susceptible to recolonization by swede midge from untreated plots in these and adjacent trials at each site.
Action thresholds greatly reduced the amount of insecticide used for C. nasturtii control over the course of the season. The use of the low or intermediate action thresholds resulted in reduction of swede midge damage that was comparable to eight weekly calendar sprays, and resulted in pesticide reductions of 12.5Ð37.5% in cabbage. Our estimates of economic returns from the action threshold approach in cabbage were similar between the low threshold and calendar regimes, indicating that the action threshold approach may be economically viable in cabbage. However, these estimates indicate that there may not be strong economic motivation for adoption of action thresholds, and their future adoption may be driven instead by environmental concerns and/or a desire to minimize sprayer time and soil compaction.
Action threshold trials used a 7-d minimum treatment interval, which is in accordance with the current label requirements of both acetamiprid and -cyhalothrin. This retreatment interval is supported by the results of residual efÞcacy experiments. Both insecticides demonstrated Ϸ7 d residual activity against C. nasturtii, although this was more consistently observed with -cyhalothrin than acetamiprid. Similar trials conducted in 2005 for both crops also indicated residual activity of Ϸ7 d for these insecticides (data not shown). Peaks of adult male C. nasturtii captures during both seasons typically exceeded threshold levels for Ͻ5 d, indicating that, despite relatively short residual efÞcacy of all products, adequate control of C. nasturtii can be achieved, if insecticide applications are timed effectively.
Further work is needed to establish an effective threshold for use in broccoli, and to be successful more effective products may be required. However, for cabbage, we recommend a pheromone-based action threshold of 4 Ð10 midges per trap per day using Jackson traps, with a minimum 7 d interval between insecticide applications. Monitoring of traps at least 2Ð3 times a week is necessary as midge numbers increased rapidly and delays in insecticide application can result in greatly reduced efÞcacy in minimizing damage symptoms. Insecticide applications to cabbage can be curtailed after head formation even when midge captures exceed the threshold, as the marketable portion is not susceptible to damage once the central meristem is protected within the head.
